Understanding the phylogeographic processes affecting endangered species is crucial both to interpreting their evolutionary history and to the establishment of conservation strategies. Lions provide a key opportunity to explore such processes; however, a lack of genetic diversity and shortage of suitable samples has until now hindered such investigation. We used mitochondrial control region DNA (mtDNA) sequences to investigate the phylogeographic history of modern lions, using samples from across their entire range. We find the sub-Saharan African lions are basal among modern lions, supporting a single African origin model of modern lion evolution, equivalent to the 'recent African origin' model of modern human evolution. We also find the greatest variety of mtDNA haplotypes in the centre of Africa, which may be due to the distribution of physical barriers and continental-scale habitat changes caused by Pleistocene glacial oscillations. Our results suggest that the modern lion may currently consist of three geographic populations on the basis of their recent evolutionary history: North African-Asian, southern African and middle African. Future conservation strategies should take these evolutionary subdivisions into consideration.
INTRODUCTION
Fossil evidence suggests that the earliest lion-like cat appeared in East Africa during the Late Pliocene (5.0-1.8 Myr ago; Turner & Antó n 1997) . In a pattern broadly resembling that of humans, lions migrated out of Africa during the Middle Pleistocene (800-100 kyr ago) into Europe and Asia, eventually colonizing the entire Holarctic region (Stringer 2002; Yamaguchi et al. 2004) . Lions were the most widespread large terrestrial mammals during the Late Pleistocene (100-10 kyr ago), with a range that included Africa, most of Eurasia and North America (Kurtén 1968; Turner & Antó n 1997) . Recent genetic studies have suggested that at least two distinct lineages of lion inhabited western Eurasia at the end of the Pleistocene: the Holarctic cave lion (Panthera leo spelaea), and the modern lion (P. l. ssp.; Burger et al. 2004 ).
Several models have been proposed to explain the diversification of lions. A multiregional origin model, based on the morphological analysis of lion remains from across its previous range, cites similarities in skull morphology between the middle Pleistocene (ca 500 kyr ago) European lion (P. l. fossilis) and modern North African-Asian lions, as evidence for long-term evolution in situ (Hemmer 1974) . This interpretation has been challenged, however, by the discovery of a more recent population bottleneck of the modern lion (ca 74-203 kyr ago) that may have complicated the interpretation of morphological characteristics (O'Brien et al. 1987; Burger et al. 2004) . It has recently been proposed that, following this bottleneck, a single population of lions replaced the older populations in Africa and southwestern Eurasia (Yamaguchi et al. 2004 ). This single origin replacement model of modern lion evolution provides an interesting parallel to the 'recent African origin' model of human evolution (in comparison to the 'multiregional evolution' model), in which modern Homo sapiens evolved in Africa ca 200 kyr ago and went on to replace hominids (e.g. the Neanderthals) elsewhere (Stringer 2002) . However, as yet, no empirical study has investigated this issue in lions, in part due to the difficulty of accessing genetic material from all of the species' natural historic range.
Understanding the phylogeographic history of an endangered species is essential both for better understanding the evolutionary processes affecting the species and for developing conservation strategies (Crandall et al. 2000; Mace et al. 2003) . Recent surveys of wild lion populations have estimated that as few as 18-47 000 wild lions currently live in Africa, and suggested that in addition to the already critically endangered Asiatic lion, the African lion may soon become endangered (Bauer & Van Der Merwe 2002; Chardonnet 2002) . As lions have become increasingly confined to protected areas, current strategies for metapopulation management have included moving individuals over large distances between protected areas. Although little is known about the structure or history of the populations involved, these strategies have already been put into place on a small scale in southern Africa (Nowell & Jackson 1996; S. van der Merwe 2002, personal communication) . The lack of objective consensus on intraspecific lion phylogeny is also complicating conservation efforts in other parts of Africa. For example, the population of lions living in west and central Africa could possibly be characterized as 'critically endangered'; however, because their status as a separate lion subspecies (P. l. senegalensis) is unclear, the situation has not been officially recognized (Nowell & Jackson 1996; Bauer & Van Der Merwe 2002; Chardonnet 2002) . A better understanding of the phylogeographic history of lions will, therefore, have immediate benefits not only for lion conservation ongoing in the field, but also for conservation legislation.
The modern lion is customarily divided into eight subspecies, based on geographic range and differences in morphology (Hemmer 1974) . Despite being one of the first felids whose phylogeny was investigated using molecular methods (O'Brien et al. 1987) , there has as yet been no comprehensive genetic analysis of modern lion phylogeny. This may be in part due to difficulty in obtaining specimens from outside only a small fraction of their range. Indeed, all previously published lion sequences originate from seven countries that make up less than half of their natural range: Botswana, India, Kenya, Namibia, South Africa, Tanzania and Uganda ( Janczewski et al. 1995; Burger et al. 2004; Dubach et al. 2005) . Although lion specimens from outside these countries are accessible at museums, the possibility of ancient DNA (aDNA) analysis is restricted by the limited genetic variation observed in large felids (Culver et makes it difficult to extract sufficient phylogenetic information from degraded ancient sequences. In this paper, we attempt to overcome the lack of genetic variation in modern lions and consequential difficulties in working with museum specimens by focusing our analysis on the short highly variable region 1 (HVR1) of the mitochondrial DNA (mtDNA) control region, which is known to be the most variable segment of mtDNA in the genus Panthera ( Jae- Heup et al. 2001) . This allows us to extend the range of lion populations included in the analysis beyond the limits of previous analyses. We report an intraspecific phylogeny of the lion based on mtDNA control region sequences, covering not only its entire current range but also several extinct populations. We discuss the recent evolutionary history of the modern lion and implications for the conservation of this increasingly endangered species.
MATERIAL AND METHODS
(a) Sampling and laboratory procedures Small fragments of bone and dried tissues were sampled from museum specimens of lions of known origin (table 1) . DNA extraction, polymerase chain reaction (PCR), sequencing and cloning were performed according to standard aDNA criteria (Shapiro et al. 2004 ) by following the procedures described elsewhere (Barnett et al. 2006 ).
Strict criteria are required to confirm the authenticity of DNA sequences extracted from ancient specimens (Willerslev & Cooper 2005) . As such, DNA extractions and PCR amplifications were performed with multiple negative controls. In addition, DNA sequences from extracts of 17/32 modern lion samples and 6/6 Late Pleistocene lions were amplified and sequenced at least twice, and at least one PCR product from each haplotype was cloned to evaluate DNA damage and investigate the presence of contaminating sequences. DNA extractions from nine museum specimens (ID numbers 2, 3, 4, 12, 13, 17, 27, 31 and 32; table 1) were performed twice in the laboratory in Oxford, and for seven specimens, DNA extraction, amplification and sequencing was independently replicated in a dedicated aDNA facility at University College London (ID numbers 8, 9, 20, 24, 32, HL1 and HL2; table 1). All intra-and inter-laboratory replications produced identical sequences.
Members of the Felidae are known to contain macrosatellites resulting from nuclear translocation of the mtDNA (numts; Lopez et al. 1997) . Two cloned extracts produced a minority clone sequence similar to published numts, while all other extracts generated sequences that grouped closely with those obtained using purified mitochondria from modern tissue (Lopez et al. 1997; Cracraft et al. 1998; Jae-Heup et al. 2001) . The high degree of divergence between the mitochondrial sequence and numt allowed us to identify and discard the minority clone numt sequences from further analysis. (b) Data analysis The sequences obtained were aligned by eye using the program Se-Al (Rambaut 1996) . A cytosine repeat in three African lions (sample ID numbers 12, 13 and 15; table 1) could not be unambiguously scored even after multiple amplifications and cloning, due to slippage during the PCR, and this region was excluded from the analysis. A medianjoining network was constructed using NETWORK v. 4.1.0.3 (Bandelt et al. 1999) to depict phylogeographic patterns and potential ancestor-descendant relationships. Maximum parsimony bootstrap analysis (100 replicates, gaps as fifth state, TBR model) was implemented in PAUP Ã v. 4.0b10 (Swofford 2001 ) to show degree of statistical support for intraspecific groupings.
RESULTS
Approximately 130 bp of HVR1 was amplified from 32 modern lion specimens representing most of its extant and historic range ( (table 1) . Two haplotypes (M2 and M5, figures 1 and 2) were widespread in eastern and southern Africa, but M5 was geographically restricted to the southwestern side of the Great Rift Valley (figure 1). The other nine haplotypes had more localized distributions (figure 1). Eight out of the 11 haplotypes were found in the lower latitudes of Africa between approximately 158 North and South and M9-M11 were found only in North Africa-Asia.
A median-joining network of lion mtDNA sequences placed the sub-Saharan sequences basal to those of North Africa and Asia (figure 2) with haplotypes M1 and M2 (eastern-southern Africa) basal to all other sub-Saharan lions and most closely related to the extinct Pleistocene lion. The network also showed a relatively simple mtDNA structure within the North African-Asian population in comparison to that within the sub-Saharan population. Among the latter, closely related haplotypes were found in western (M3 and M4), northeastern (M6, M7 and M8), eastern-southern (M1 and M2) and southwestern (M5) Africa.
DISCUSSION (a) Validation of results
Although our results are based on only a small ca 130 bp fragment of HVR1, the number of variable sites identified (13 among modern lions, 23 if the extinct Holarctic lion is included) are of the same order of magnitude as previous studies based on much larger sequence fragments. Dubach et al. (2005) found 26 variable sites between modern eastern-southern African lions in 2360 bp of cytochrome b and NADH5, and Burger et al. (2004) found ca 50 variable sites between modern and extinct Holarctic lions in 1051 bp of cytochrome b. Additionally, our results are consistent with previously determined phylogeographic patterns in Eastern-Southern African lions (Burger et al. 2004; Dubach et al. 2005) , in which two major clades were identified: one confined to the southwest of the Great Rift Valley (corresponding to our haplotype-M5), and the other in eastern and southern Africa (corresponding to our haplotype-M2). This suggests that the short HVR1 is useful for deducing the general phylogeographic pattern across the lions range, although finer resolution will require more variable sites.
(b) Origin of the modern lion Our results show that the sub-Saharan African lions are phylogenetically basal to all modern lions, when compared to extinct Pleistocene lions (figure 2). Additionally, subSaharan African lions have a much broader range of mtDNA variation than other modern lions, despite the limited number of variable sites identified by this analysis. This suggests a relatively recent dispersal from subSaharan Africa into North Africa-Asia. Given the position of haplotypes M1 and M2 in the network, the centre of origin for modern lions is probably eastern-southern Africa. This may reflect either the evolutionary focal point for modern lions (cf. Turner & Antó n 1997), or a more recent post-bottleneck refugium (cf. Burger et al. 2004) .
Severe anthropogenic reduction and fragmentation of lion populations in North Africa-Asia in the last few hundred years (Yamaguchi & Haddane 2002) may have artificially reduced the mtDNA diversity of the regions' lion populations leaving only haplotypes closely related to each other. However, this does not explain why only closely related haplotypes were left among the lion populations scattered in the vast geographic area between North Africa and India (figure 1), if the area had possessed many distinct haplotypes as does the middle part of Africa. The data, therefore, support the single origin replacement model of modern lion evolution (Yamaguchi et al. 2004) , as opposed to the multiregional model (Hemmer 1974) .
(c) Current lion diversity
The results suggest that the modern lion currently consists of populations (or units) diagnosable through mtDNA, which are sorted into several coherent phylogeographic groups including North African-Asian, West African, eastern Sahel (steppe/savannah areas immediately south of the Sahara), eastern-southern African and southwestern African types (figures 1 and 2) . Bootstrap values give reasonable support for most of these divisions. This phylogeographic pattern may reflect the Sahara Desert, dense equatorial rain forests and the Great Rift Valley all acting as natural physical barriers. The Great Rift Valley has previously been implicated as a barrier to lion dispersal (Burger et al. 2004; Dubach et al. 2005) . Furthermore, similar phylogeographic patterns are detected in other large African mammals whose habitat preferences are comparable to that of the lion, including hartebeest (Alcelaphus buselaphus), topi (Danaliscus lunatus), wildebeest (Connochaetes taurinus), roan antelope (Hippotragus equinus) and warthog (Phacochoerus africanus) (Arctander et al. 1999; Muwanika et al. 2003; Alpers et al. 2004) . The distribution pattern of physical barriers within Africa (see figure 1 ) may also explain the larger number of haplotypes (eight) currently found in the low latitudes (158 N-158 S), when compared to southern Africa (two haplotypes), in spite of these regions being of similar size and having been sampled equally.
While some of our results are explained by the presence of physical barriers to dispersal, this does not explain the geographic clustering of all of the observed haplotypes (e.g. West African and eastern Sahel populations). Such phylogeographic patterns without physical barriers may represent an intermediate state of a spontaneous diffusion process after the removal of barriers (Hewitt 2000 (Hewitt , 2004 . The timing of the lion population bottleneck ca 74-203 kyr ago suggests that the modern lion has experienced the last two glacial-interglacial cycles with corresponding environmental changes, which are characterized in Africa by inversely related expansions and contractions of mid latitude deserts and low latitude forests (Mannion 1999; Hewitt 2000; Burger et al. 2004; De Vivo & Carmignotto 2004) . Lions generally do not occur in either dry desert or dense forest (Nowell & Jackson 1996) , suggesting the widespread super aridity during the last glacial maximum in both northern and southern Africa and in mid latitude southwestern Eurasia (De Menocal 2004; De Vivo & Carmignotto 2004) have had a detrimental impact on the regions' lion populations ( figure 3a) . On the other hand, it has been suggested that less dense habitats existed in low latitude Africa even during the Early Holocene wetter period (De Menocal 2004; De Vivo & Carmignotto 2004) when widespread forests likely fragmented lion populations in the region (figure 3b). As forests receded after the Early Holocene wetter period (De Vivo & Carmignotto 2004) , surviving lion populations could have re-colonized the area, as well as lions invading from both north and south, contributing to the mtDNA haplotype mosaic currently observed in low latitude Africa.
The foregoing arguments suggest that over its natural range ( figure 3c ) the modern lion may be evolutionarily subdivided into three geographic populations: North African-Asian, southern African and middle African, determined by expansions and contractions of mid latitude deserts and low latitude forests. The former two are characterized by relatively simple mtDNA haplotype structure, and the latter by a diverse haplotype mosaic. The North African-Asian population is separated from the sub-Saharan African populations by the vast Sahara Desert, and its skull is morphologically distinguishable from those of sub-Saharan lions (Hemmer 1974) , suggesting its distinct taxonomic status.
(d) Implications for conservation Although identifying appropriate management units (MU) is crucial for conservation, the concept of unit is scale-dependent, and ultimately depends on the agreed definition of the unit (Moritz 1994; Crandall et al. 2000) . The modern lion consists of a handful of populations diagnosable with mtDNA (scale-1), which are sorted into five coherent phylogeographic groups (scale-2), which in turn are further sorted into three geographic groups based on the deduced recent (evolutionary) history (scale-3). The groups at the scale-2 level may be comparable to both evolutionary significant units and MU as defined by Moritz (1994) , while some of the scale-1 groups may qualify as MU too. Although such units may warrant separate management, the deduced recent (evolutionary) history of the lion also makes it appropriate to keep a gradual evolutionary diffusion (or split) among populations in the long term. Conservationists need to design management plans choosing corresponding temporal and spatial scales-smaller scale units may be managed separately in the short term while they all may be incorporated into the management of larger scale units in the long term. To facilitate long-term lion conservation and conserve the perpetual process of evolution, research is needed into the dispersal patterns of each sex, including frequency, speed and distance after adjustment for physical barriers such as high mountains and large rivers .
Alternatively, although zoos probably cannot conserve long-term evolutionary processes, they may be able to contribute by keeping as many viable diagnosable units as possible in accordance with the concept of the tree of life (Mace et al. 2003) . In this context, it would be appropriate for captive breeding programmes to distinguish minor MU characterized by different genetics, morphology, or simply geographic regions separated by natural barriers or distances. According to the International Species Information System (http://www.isis.org/abstracts/abs.asp), there are currently 29 lions registered in captivity as P. l. bleyenberghi (from Angola and Zimbabwe) and similarly 100 as P. l. krugeri (South Africa), eight as P. l. massaicus (Uganda and Kenya), 23 as P. l. nubicus (Tanzania), 115 as P. l. persica (India) and 13 as P. l. senegalensis (Senegal to Cameroon), in addition to ca 970 lions whose origins are uncertain. Considering the diagnosable units suggested by the results, lions from West Africa and eastern Sahel appear to be underrepresented in captivity for preservation of the diversity of the species. Since lions in these regions may be critically endangered in the wild (Bauer & Van Der Merwe 2002; Chardonnet 2002) , establishing ex situ breeding programmes is a conservation priority.
